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Structure Indices in FA Chemistry.
How Relevant Is the lodine Value?
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ABSTRACT: Most common analytical methods in FA chem-
istry can be categorized as yielding either structure or quality
indices. Quality indices often describe components in fats and
oils arising from processing, storage, and naturally occurring,
nonfatty materials. Common structure indices are the iodine
value (IV), the saponification value, and the hydroxyl value. Al-
though modern analytical methods yield more detailed and re-
liable information, structure indices are still widely used. The
IV, which indicates total unsaturation, has even been included
in some standards for industrial products such as biodiesel.
However, the IV index is too general to allow the correlation of
physical and chemical properties with FA composition. The IV
is treated in a theoretical fashion regarding biodiesel- and ox-
idative stability-related issues. That the concept of IV as a struc-
ture index is unsatisfactory is shown by the development of a
quaternary composition diagram (QCD). The QCD demon-
strates the derivation of a specific IV from varying FA composi-
tions. Improved correlations are possible among the structure
indices. Alternative indices for the IV are developed. Possible
alternatives are the allylic position equivalent (APE) and the bis-
allylic position equivalent (BAPE), which better relate structure
and amount of common component FA in vegetable oils to ob-
served properties. The APE and BAPE indices are based on the
number of reactive positions in oxidation.
Paper no. J10047 in JAOCS 79, 847-854 (September 2002).

KEY WORDS: Allylic positions, biodiesel, bis-allylic positions,
iodine value, lubricants, quality indices, saponification value,
structure indices.

Analytical indices related to fats and oils can be distinguished
as structure or quality indices. Structure indices are the iodine
value (IV), a measure of total unsaturation of an oil or fat; the
saponification value (SV), an indicator of average M.W.; and
the hydroxyl value (HV), which is applicable to fatty com-
pounds (or their mixtures) containing hydroxy groups, such
as castor and lesquerella oils. Several variations of wet chem-
ical methods have been developed for determining these in-
dices (1-9), although calculative methods based on GC also
exist (10,11).

Quality indices are the FFA, peroxide, anisidine, phospho-
rus, and other similar values. Generally, quality indices relate
(i) to the quality of a vegetable oil or fat obtained after pro-
cessing and possible further derivatization as well as after ex-
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tended storage or (ii) to the presence of naturally occurring
nonfatty materials. Quality indices were formerly termed pro-
cessing-related parameters (12), but the term “quality in-
dices” appears to be more general. Different ways to catego-
rize these methods have been used, (e.g., Ref. 13). In some
cases, oils or fats are subjected to reactions, and the resultant
products warrant the inclusion of additional quality indices.
For example, in the case of (methyl) ester production from
vegetable oils or fats for biodiesel use, these additional crite-
ria are free and total glycerol content (free glycerol arising
from the cleavage of the FA chains, total glycerol including
glycerol bound in the form of acylglycerols). Note also that
structure indices of fatty compounds can be influenced by the
presence of accompanying materials (for example, carotenes
and squalene mainly affect IV; wax esters and hydrocarbons
affect SV; and MAG and DAG affect HV), as these indices
often depend on the amounts of all components of a mixture.
The last four decades have seen an exponential increase in
the determination of FA structure by spectroscopic methods,
often in combination with chromatographic methods. The su-
perior information obtained from these methodologies and
their universal use require a more detailed evaluation of the
older structure indices, despite the fact that these are rela-
tively easy to grasp. Also, modern analytical methods are
often being used for the purpose of determining structure in-
dices such as IV. Thus, the original objective of the introduc-
tion of the IV in 1884 (14) and its main use to aid in the analy-
sis of fats and oils have been expanded and even reversed, in
that analyses of fats and oils are now carried out to calculate
the IV using methods that yield more information than the I'V.
Of all the structure indices, the IV especially has been used
beyond analytical purposes, having been related to various
physical and chemical properties as well as having served as
a quality control method in hydrogenations. Although a de-
tailed discussion of these applications is beyond the scope of
this work, it may be noted, for example, that IV has been in-
cluded in the standards of some industrial products derived
from vegetable oils and fats, such as biodiesel. It is also occa-
sionally used in assessing oxidative stability of oils and fats
and their derivatives, a subject of significant interest for in-
dustrial applications such as fuels and lubricants and for phys-
iological applications. Therefore, the technical aspects of the
use of such indices, especially the IV, in product standards
and property assessments need to be investigated in more
detail. Also, alternative indices that more accurately take
compound structure and properties into account need to be
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TABLE 1

G. KNOTHE

Saponification Values, lodine Values, and FA Compositions of Some Vegetable Oils and Fats?

FA composition (wt%)

Vegetable Saponification  lodine
oil or fat value value 12:0 14:0 16:0 18:0 18:1 18:2 18:3 22:1
Canola (LEAR) 110-126 188-193 <0.2 3.3-6.0 1.1-2.5 52-66.9 16.1-24.8 6.4-14.1 0-2
Coconut 248-265 6-11 45.1-50.3 16.8-20.6 7.7-10.2 2.3-3.5 5.4-8.1 1.0-2.1 0-0.2
Corn 187-195 103-128 0-0.3 8.6-16.5 1.0-3.3 20.0-42.2 39.4-62.5 0.5-1.5 0-0.1
Cottonseed 189-198 99-119 0.6-1.0 21.4-26.4 2.1-3.3 14.7-21.7  46.7-58.2 0-0.4 0-0.3
Linseed 189-195 177 min. 6.1 3.2 16.6 14.2 59.8
Palm 190-209 50-55 0-0.4 0.5-2.0 40.1-47.5 3.5-6.0 36-44 6.5-12 0-0.5
Peanut 187-196 80-106 0-0.1 0-0.1 8.3-14.0 1.9-4.4  36.4-67.1 14-43 0-0.1 0-0.3
Rapeseed 168-187 94-120 <0.2 1.5-6.0 0.5-3.1 8-60 11-23 5-13 5-60
Safflower, 186-198 135-150 0-0.2 5.3-8.0 1.9-2.9 8.4-213  67.8-83.2 0-0.1 0-1.8
high-linoleic
Safflower, 90-100 0.1 5.7 2.3 73.6 15.8
high-oleic
Soybean 189-195 120-143 0-0.2 8-13.3 2.4-5.4 17.7-26.1 49.8-57.1  5.5-9.5
Sunflower 188-194 110-143 0-0.1 0-0.2 5.6-7.6 2.7-6.5 14-39.4  48.3-74 0-0.2 0-0.2
Tallow? 35-48 1.4-7.8 17-37 6.0-40 26-50 0.5-5.0 <2.5

“All values obtained from Reference 15. LEAR, low erucic acid rapeseed.
bTallow contains 0.7-8.8% 16:1 FA.

developed. It is the objective of this work to examine the cur-
rent uses of the IV and to develop alternative indices that re-
late structure and properties more closely.

RESULTS AND DISCUSSION

The indices from many common analytical methods in FA
chemistry can be classified as structure or quality indices
(vide supra). The following presentation deals with structure
indices, mainly IV and SV.

General observations. The IV is a measure of the average
amount of unsaturation of fats and oils and is expressed in
terms of the number of centigrams of iodine absorbed per
gram of sample (% iodine absorbed) (1-4,10). The SV is ex-
pressed as the number of milligrams of potassium hydroxide
(KOB) required to saponify 1 g of sample (5-7,11). Many wet
chemical methods for determining IV and SV have limited
applicability and/or are error-prone as stated in remarks that
accompany these methods. Numerous papers have reported
on modifications of the aforementioned methods for specific
purposes, such as use of less toxic solvents or adjustments for
specific kinds of samples. Table 1 contains literature-derived
(15) IV and SV for some vegetable oils and other fatty
materials.

1V. Table 2 contains the IV of common FA and their tri-
acylglyceryl, methyl, ethyl, propyl, and butyl esters as well
as that of a mixture approximating the composition of soy-
bean oil. Free acids have the highest IV. The IV of TAG and
methyl esters are nearly identical. The IV of higher esters de-
crease with increasing size of the alcohol moiety. This is the
result of the IV being dependent on the M.W. of the fatty
compound. The IV of a pure compound can be computed by
Equation 1,

253.81 x db

IV =100 x [1]

f
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in which IV is the iodine value, db is the number of double
bonds, MWfis the M.W. of the fatty compound, and 253.81
is the atomic weight of two iodine atoms that are theoretically
added to one double bond.

Accordingly, the IV of a mixture of fatty compounds can
be calculated by Equation 2,

Apx 253.81 x db

MW,

Ivmixture = Z 100 x

(2]

in which Afis the amount (in %) of a fatty compound in a
mixture. Equations 1 and 2 assume full iodination, as does the
following discussion. Uses of the IV beyond analytical pur-
poses as discussed here also assume full iodination.

With slightly different terminology, Equations 1 and 2
have been discussed in the literature (16). Equations 1 and 2
are generalizations of the equation given in the AOCS GC
method for IV determination (10). Research has also been
devoted to other methods for determining the IV, including
infrared (IR) and nuclear magnetic resonance (NMR)

TABLE 2
lodine Values of Some Unsaturated Fatty Compounds and a Mixture
Close to the Composition of Soybean Oil (computed from Egs. 1 and 2)

lodine value

Esters
Acid Acid  TAG Methyl Ethyl Propyl Butyl
Oleic 89.86 86.0 856 81.7 782 75.0
Linoleic 181.0 173.2 172.4 164.5 1574 150.8
Linolenic 273.5 261.6 260.4 248.4 237.6 227.6
Erucic 75.0 723 72.0 692 66.7 643
Cyy? 150.8 145.1 144.8 139.2 1341 1293

25% Cyg.y + 50%

Crgn +10% Cpgs” 1403 1343 133.6 127.5 122.0 116.9

a5(2),13(2)-Docosadienoic acid from meadowfoam.
bMixture approximating FA composition of soybean oil.
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spectroscopies as well as chromatographic and physical prop-
erty-based (i.e., refractometric) methods. A detailed discus-
sion of these aspects is beyond the scope of this paper, but
Equations 1 and 2 possess the most general applicability and
appear to make other methods (of calculation) superfluous.

Equations 1 and 2 give rise to important observations,
which sometimes have been considered only sparingly in the
literature. These are (i) the IV of a fatty compound depends
on its M.W. and therefore that of a mixture of fatty com-
pounds depends on the M.W. of its unsaturated components;
(ii) the IV of a mixture of fatty compounds depends on the
amounts of the several unsaturated fatty components in the
mixture but not on the exact nature of the double bonds in the
structure of those fatty compounds (also, wet chemical IV
methods do not give satisfactory results for fatty compounds
with conjugated unsaturation); (iii) The IV does not depend
on the nature of the saturated components but only on their
total amount, since the IV treats fats and oils as being com-
posed only of saturates and unsaturates.

Prior literature (e.g., Ref. 13) noted that the IV establishes
only the proportion of unsaturated fats but not the kind. In this
connection, note that an entity termed the unsaturation num-
ber was suggested as being preferable to the IV because it is
independent of M.W. (17).

A more general graphical representation, showing that a
given IV can be satisfied by different FA profiles, is a quater-
nary composition diagram (QCD) as shown in Figure 1 for
methyl esters. The QCD is constructed as a tetrahedron so that
the three edges of the base of the tetrahedron represent the
amounts (in %) of the three major unsaturated fatty compo-

Csat= 100% (IV = 0)

FIG. 1. Quaternary composition diagram for methyl esters of oleic,
linoleic, linolenic, and saturated FA with an inscribed plane satisfying
the condition of an iodine value (IV) = 115. The construction of the dia-
gram is described in the text. For sake of clarity, no scale is indicated
on the “hidden” edge (C,4.,). ® = Intersections of the planes with the
edges.
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nents C g, (oleic), C,q., (linoleic), and C ;.5 (linolenic). Al-
though this procedure does not account for unsaturated FA of
non—C18 length (such as C16:1, C20:1’ C22:1)’ most major FA
occurring in vegetable oils and animal fats are covered by the
QCD. The three edges leading from the base to the apex rep-
resent the saturated components because all saturates can be
combined into one value, as only their amount but not their
nature influences the I'V. Every FA composition is then given
by the coordinates of the four components written in the fash-
ion Cwrates C1s:1> Cig2> Cig:z- The composition values de-
termining a certain IV (IVtarget) on the edges of the QCD can
then be determined by applying the equation

Vg — IV
v

target

v

x =100 x [31]

high — * Vlow

For that purpose, Equation 3 uses two components, IVhigh
and IV and x is the amount of the compound with the lower
IV. The amount of the compound with the higher IV is then =
100 — x. The plane that represents compositions with the given
or target I'V for the full quaternary system is then defined by
coordinates determined with Equation 3. Thus, by definition,
the composition values of the other two components equal
zero in the coordinates determined by Equation 3. Equation 3
is derived from the observation that the given or target I'V is
the difference between the two IV of the neat components
multiplied by the corresponding amounts (in %). Accordingly,
for an IV of 115, the shaded area in Figure 1 representing all
compositions yielding this IV is given by the coordinates:
(33.29, 0, 66.71, 0), (55.84, 0, 0, 44.16), (0, 66.13, 33.87, 0),
(0, 83.18, 0, 16.82). There are no coordinates on the edges for
the saturates/18:1 and 18:2/18:3 combinations because in the
former case all IV are less than 115 and in the latter greater
than 115. The volume “below” the plane then represents all
compositions with an IV > 115, and the volume “above” the
plane represents all profiles with an IV < 115. The value IV =
115 was chosen because of its inclusion in biodiesel standards
(see the discussion below).

From the coordinates calculated above, the parameters that
give the linear equations defining the plane dissecting the
QCD can be derived. For this, a 3-D coordinate system with
C18:1 as the x-axis and the origin at (0, 0, 0, 100) can be envi-
sioned. The y-axis is also in the plane of the base of the tetra-
hedron (QCD), and the z-axis is perpendicular to the x-y
plane. Then the plane for a defined IV dissects the x-axis in
the x-y plane (which contains the base of the QCD) at an
angle of 29.77° with a slope of 0.572 [= tan (29.77°)] and it
dissects the x-axis in the x-z plane at an angle of 30.23° and a
slope of —0.583 [= — tan (30.23°)]. With this information and
the coordinates of points defined by a given IV, any plane
representing the corresponding methyl ester compositions
(the procedure holds for any other ester also) of the given IV
can be determined. The planes for all IV are parallel to each
other.

Applications of the IV. As already indicated, the IV has
found applications beyond being a descriptive structure
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index. Besides being related to various chemical and physical
properties of fats and oils, having physiological applications,
and serving as a quality control method for hydrogenation,
these applications include use in standards for biodiesel and
in assessing oxidative stability. It is suggested here that alter-
native indices can be developed.

Biodiesel. Biodiesel is defined as the mono-alkyl esters of
vegetable oils or animal fats. It is suitable as a replacement or
complement for conventional diesel fuel (petrodiesel) in a
compression-ignition (diesel) engine (18). The most common
forms of biodiesel are methyl esters of vegetable oils. The use
of methyl esters offers the advantage that the high viscosity
of vegetable oils is reduced by an order of magnitude to a
value close to that of petrodiesel. This eliminates operational
problems such as the formation of engine deposits, which
eventually can lead to engine failure. The source of biodiesel
usually depends on the crops amenable to the regional cli-
mate. Therefore, in the United States, soybean oil is most
commonly used as the biodiesel feedstock, whereas in
Europe, rapeseed (canola) oil is the most popular feedstock
and in tropical countries, palm or coconut oil.

When establishing standards for industrial products from
nonpetroleum sources such as vegetable oils, common indices
from both sources—the original, usually petroleum-based,
product and the alternative source, in this case FA chem-
istry—are used. Thus biodiesel standards contain indices de-
rived from petrodiesel and also FA chemistry. In the United
States an ASTM standard (D 6751) for biodiesel has been de-
veloped. In some European standards, the IV has been in-
cluded, usually being set to a maximum of 115. This would
exclude several important vegetable oils, including soybean

TABLE 3

G. KNOTHE

oil and sunflower oil, at least in the form of their methyl es-
ters, as a source of biodiesel (see Table 1 for a listing of IV of
some fats and oils).

Originally, the use of the IV as a fuel index was proposed
only for pure vegetable oils and not for derivatives such as
mono-alkyl esters (biodiesel). The initial suggestion probably
dates from 1938 (19). More recently, a “relatively mild limit”
of IV = 135 was suggested for neat vegetable oils (20). The
only work that has recommended the use of the IV as an index
for methyl esters of vegetable oils, i.e., biodiesel, compared
rapeseed methyl ester of IV = 115 and soy methyl ester (SME)
of IV = 131 and claimed significant engine deposits when
using SME (21). The rationale was that the higher the unsatu-
ration of the biodiesel, the higher the tendency of the unsatu-
rated components to polymerize and form engine deposits.
However, the IV difference, 115 vs. 131, of the biodiesel sam-
ples used in that study (21) appears low, so that the cause of
the problem when using SME must be sought elsewhere, for
example, fuel quality problems with the SME used, especially
in light of the present discussion. Tables 2 and 3 (discussed
below) and the QCD show how the kind of ester can influence
IV and how different FA compositions can yield identical IV,
which casts doubt on the relatively small IV difference caus-
ing such significant differences in engine performance. Be-
sides the countless trips and tests successfully completed by
SME-powered vehicles, other studies in this area contradict
the use of the IV in biodiesel standards. Work on the use of
methyl esters of sunflower oil originally showed that the use
of methyl esters alleviated engine operational problems asso-
ciated with use of neat vegetable oils due to their high viscos-
ity (22). In other early work (23), highly unsaturated linseed

Mixtures of Methyl Oleate, Methyl Linoleate, and Methyl Linolenate Giving lodine Values Close to 115

and Corresponding APE and BAPE Values

lodine Double bond Allylic position Bis-allylic position

Entry Ester Amount (%) value equivalents? equivalents® equivalents®
A 18:1 60 51.04 60 120 0
18:2 20 34.48 40 40 20
18:3 10 26.04 30 20 20
z 90 111.88 130 180 40
B 18:1 40 34.24 40 80 0
18:2 30 51.72 60 60 30
18:3 10 26.04 30 20 20
z 80 112.00 130 160 50
C 18:1 30 25.68 30 60 0
18:2 20 34.48 40 40 20
18:3 20 52.80 60 40 40
z 70 111.96 130 140 60
D 18:1 10 8.56 10 20 0
18:2 15 25.86 30 30 15
18:3 30 78.12 90 60 60
z 55 112.54 130 110 75

“One double bond equivalent is defined as arising from a concentration of 1% methyl oleate (or other monounsaturated
compound), which has an allylic position equivalent = 2 (it has two allylic positions in the chain). Thus 1% methyl linoleate
has two double bond equivalents and 1% methyl linolenate has three double bond equivalents.

bOne allylic position equivalent (APE) is defined as 2 for a concentration of 1% methyl oleate, methyl linoleate, or methyl
linolenate, as these compounds contain two allylic positions (Eq. 4: see text).

“One bis-allylic position equivalent (BAPE) is defined as 1 for a concentration of 1% methyl linoleate. Thus, 1% methyl

linolenate yields 2 bis-allylic position equivalents.

JAOCS, Vol. 79, no. 9 (2002)
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oil (with a high IV) was found unsuitable as biodiesel fuel.
However, once linseed oil methyl esters were used (23), the
problem of engine deposits was almost completely alleviated,
again showing that the viscosity of the vegetable oils is the
major cause of engine problems. More recently, no maximum
IV could be determined (24) in an investigation of mixtures of
high-oleic sunflower oil methyl ester (IV = 100) and linseed
oil methyl ester (IV = 180). No significant differences in clean-
ness and formation of deposits in the cylinder, combustion
chamber, valves, and injectors were observed. Increasing de-
posits with increasing IV were found on piston rings of the
second ring groove. In another study with vegetable oils with
IV of 107, 132, and 150, no significant differences in operabil-
ity were observed with the exception of a somewhat higher
lube oil dilution at higher IV (25). Other authors explicitly
state that no relation between IV and polymerization or vis-
cosity increases was observed (26).

Although the application of the QCD illustrates the impre-
cision of the IV for determining FA composition, the IV of
neat fatty compounds and of a mixture simulating methyl soy-
ate given in Table 2 show how, through the application of
higher esters, a mixture of fatty compounds that would not
meet a biodiesel standard IV maximum of 115 as methyl es-
ters can be tailored to meet such a requirement. Thus, it is the-
oretically possible for a vegetable oil of higher IV to meet a
maximum IV of 115 by using higher esters, although it ap-
pears unlikely that higher esters will have any significant ef-
fect in terms of reducing alleged engine deposits or signifi-
cantly improving oxidative stability as discussed below.

The QCD of the IV (Fig. 1) depicts the numerous FA pro-
files that satisfy a given IV, such as that of 115 used in some
biodiesel standards. In relation to the numerous FA composi-
tions yielding a given IV, Table 3 gives examples of how dif-
ferent mixtures of methyl esters of the three most common
unsaturated FA—oleic, linoleic, and linolenic—can achieve
nearly identical IV just slightly below the value of 115. The
number of double bonds in the mixtures listed in Table 3 re-
mains constant, as demonstrated by an entity termed “double
bond equivalents” in that table. No saturated FA are explic-
itly listed because, as noted above, their nature does not play
any role in determining the IV of a mixture of fatty com-
pounds. The saturated compounds can be assumed to account
for the differences to 100%. Only the relative amounts of total
saturated components vs. total number of double bonds (not
nature of the unsaturated FA) determines the IV.

Oxidative stability. In industrial applications, oxidative
stability is an issue not only for biodiesel but also for lubri-
cants (27). It is well known that the autoxidation of unsatu-
rated fatty compounds proceeds at rates depending on the
number and position of the double bonds (28). The positions
of allylic to double bonds are especially susceptible to oxida-
tion. The bis-allylic positions in common PUFA such as
linoleic acid (double bonds at A9 and Al2, giving one bis-
allylic position at C-11) and linolenic acid (double bonds at
A9, A12, and A15, giving two bis-allylic positions at C-11 and
C-14) are even more prone to autoxidation than allylic

positions. The relative rates of oxidation given in the litera-
ture (28) are 1 for oleates (methyl, ethyl esters), 41 for
linoleates, and 98 for linolenates. A major drawback of the
IV is that it does not distinguish these differences, since it
treats all double bonds as being equally reactive toward oxi-
dation. Despite this drawback, oxidative stability has occa-
sionally been discussed in the literature in connection with
the IV. Note that reactivity differences are also known for re-
actions such as polymerization and perhaps heterogeneous
catalytic oxidation. Thus, a lower IV implies less reactivity
toward these reactions through a reduced number of double
bonds, often tacitly implying that a lower IV also means
lower amounts of C¢.5 and possibly Cq.,. The latter is not
necessarily the case, as already discussed in conjunction with
data in Tables 2 and 3 and shown by the QCD in Figure 1. The
use of IV for assessing oxidative stability also does not con-
sider the fact that, for example, storage conditions may have
a greater influence on oxidation than the IV (26), and as nu-
merous other studies not cited here on oxidative stability of
FAME investigating the influence of storage conditions show.

Possible alternatives to the IV. The preceding discussion
leads to the possibility of developing an alternative to the IV.
Generally, this aspect has received only sparse attention in the
literature; for an exception see Reference 17. Based on the
present discussion, such alternative indices should meet sev-
eral criteria. They should be independent of M.W. (17), take
into account the amounts of unsaturated fatty compounds and
specific unsaturation patterns, and reflect the differences in
reactivity between different unsaturation patterns. The first
criterion, independence from M.W., can be achieved by
counting the number of double bonds per molecule and the
second criterion, by determining the amount of each FA in a
mixture. The third criterion is influenced by the different re-
activities of allylic and bis-allylic positions. To distinguish
and satisfy these criteria, the adoption of two indices, one for
allylic and one for bis-allylic positions, appears reasonable.
The indices will be termed allylic position equivalents (APE)
and, bis-allylic position equivalents (BAPE). One APE is the
equivalent of one allylic position contained in a fatty com-
pound of concentration 1% in a mixture. The same holds for
one BAPE. However, since the common C18:1’ C]8:2, and
C,5.5 fatty compounds contain two allylic positions, the fol-
lowing equation holds for these fatty compounds:

+Ac ) (4]

18:3

APE =2 X Ac,, * Ac

18:2

in which A again is the amount of each fatty compound, in
percentage. Generalized, Equation 4 becomes

APE=ap, X A, +ap, XA +ap X Ap + - - [5]
in which ap  is the number of allylic positions in a specific
FA and A ., is the amount (%) of each FA in a mixture.

Accordingly, for the BAPE, the relation is

BAPE=A. +2XAc [61

JAOCS, Vol. 79, no. 9 (2002)
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since Cq., has only one bis-allylic position and C ¢ 5 has two
bis-allylic positions. Table 3 contains the APE and BAPE val-
ues of various mixtures of C,.; and Cg., and C 4.5 methyl
esters giving IV slightly below 115. Figure 2 is a QCD de-
picting planes with APE = 120 and BAPE = 80. The APE and
BAPE indices can be divided by the factor 100 to yield the
average number of allylic or bis-allylic positions per mole-
cule in a mixture of fatty compounds.

Considering the greater reactivity usually imparted by
polyunsaturation and the often accompanying bis-allylic po-
sitions, the BAPE index is the more significant of the two val-
ues. The APE and BAPE indices are also useful for unsatu-
rated compounds in which the double bonds are separated by
more than one CH, group, i.e., fatty compounds that do not
contain any bis-allylic positions despite multiple unsatura-
tions. Examples are jojoba oil (29), a mixture of C38, C 400 Cp
and C,, wax esters of 20:1 and 22:1 acids and alcohols with
the double bonds occurring in the different chains in the mol-
ecules, and 5(Z),13(Z)-docosadienoic acid (DDA), found in
meadowfoam oil. Meadowfoam oil has high oxidative stabil-
ity (30) despite the presence of the aforementioned acid,
which has a relatively high IV (see Table 2). The BAPE con-
tribution of DDA to that of meadowfoam oil = 0 (with the
BAPE of meadowfoam oil = 0), showing, in accordance with
experimental results, that it does not negatively influence ox-
idative stability. The high IV of DDA, however, could imply
some sensitivity to oxidation. BAPE = 0, though, correctly
reflects the oxidative stability of meadowfoam oil. This also
shows that high APE values (neat DDA would give APE =
400; DDA has four allylic positions, so that the factor in Eq.

Csat= 100%

Cig:3= 100% ®

FIG. 2. Quaternary composition diagram for any derivative of oleic,
linoleic, linolenic, and saturated FA with inscribed planes satisfying the
conditions of the allylic position equivalent = 120 (triangular, striped
plane parallel to base of tetrahedron) or bis-allylic position equivalent =
80 (shaded, rhombus-like plane). The intersection of the planes is not
indicated for sake of clarity. The construction of the diagram is de-
scribed in the text.

JAOCS, Vol. 79, no. 9 (2002)
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4 would be 4 in this case) do not significantly influence ox-
idative stability. On the other hand, oxidative stability may
depend somewhat on double bond position (e.g., Ref. 30).
Also, for fatty compounds with conjugated double bonds such
as 9(2),11(E),13(E)-octadecatrienoic acid (o-eleostearic acid;
contained in tung oil), BAPE = 0. Tung oil nevertheless is
very reactive and is considered a drying oil. There is only lim-
ited understanding of the reactivity of conjugated systems (in-
cluding IV determination), and this needs to be considered
when developing or applying an index to such systems, as dis-
cussed here.

Maximal and minimal BAPE values are possible for a
given I'V. Thus, for IV = 115 of methyl esters, the minimum
BAPE is 33.87 (calculated for a hypothetical oil consisting of
only C¢.; and C ., giving a composition of 66.13% C .,
and 33.87% C,3.,), and the maximum BAPE is 88.32 (calcu-
lated for a hypothetical oil consisting only of saturated and
C,5.5 methyl esters giving a compostion of 55.84% saturates
and 44.16% C,¢.5). The multiplication factor between the
minimal and maximal BAPE values for IV = 115 is thus 2.61.
Conversely, maximal and minimal IV are possible for given
BAPE values. Thus, for BAPE = 60, the minimum IV =78.12
(determined by 30% C 5.5 giving BAPE = 60) and the maxi-
mum IV = 103.44 (determined from 60% C ., giving BAPE
= 60). The corresponding factor is 1.32. Although the maxi-
mum and minimum values calculated here are for extreme FA
compositions that do not exist in vegetable oils, they are use-
ful for comparing the IV and BAPE. The BAPE can vary
more strongly for a given IV than the IV for a given BAPE.
This shows the greater sensitivity of the BAPE toward fatty
compounds responsible for increased reactivity. Also, the last
entry in Table 2, simulating a vegetable oil methyl ester with
IV =134, has APE = 170 and BAPE = 70. Thus, the BAPE is
lower here than in other mixtures with higher BAPE afford-
ing a lower IV (see last entry in Table 3).

The use of the APE and BAPE indices instead of IV also
implies that oxidative stability may be more strongly influ-
enced by the presence of small amounts of more highly un-
saturated fatty compounds than by increasing amounts
thereof. This concept has been investigated in the past, and
the results supported the notion that the more readily autoxi-
dizable compound (methyl linoleate) catalyzes the autoxida-
tion of the less reactive compound (methyl oleate) (31).

The BAPE and APE indices could be determined from
data obtained by chromatographic or spectroscopic methods
such as GC or NMR.

SV. Generally, the SV has been applied less than the IV to
issues beyond analytical purposes. The SV of a monohydric
fatty compound is

56,106
V= [7]
MW

Thus, M.W. is analogous to the saponification equivalent (15),
which is obtained by dividing 56,106 (1000 x the M.W. of
potassium hydroxide) by the experimentally determined SV.
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Analogous to the IV, the SV of a mixture is given by

A, 56,106
S i
SVmixlure = Z wa [8]

Equations 7 and 8 are generalizations of the equation given in
AOCS Recommended Practice Cd 3a-94 (11) and have been
given in the literature (e.g., Ref. 15). For DAG, the numera-
tor in Equations 7 and 8 has to be multiplied by the factor 2,
and for TAG by 3. Table 4 contains the SV of some common
fatty compounds. The SV increases with decreasing M.W.
Because SV and M.W. (and HV and M.W.) are inversely re-
lated (Eqgs. 7 and 8), the use of average M.W. (saponification
equivalent) is more straightforward than the use of the SV.
Analogous to the IV, a QCD for the SV can be applied
(Fig. 3). The edges are C,, C,,, C16, and C18 and the coordi-

TABLE 4
Saponification Values of Fatty Compounds?

Saponification value

Esters

Acid TAG Methy! Ethyl Propyl Butyl

Lauric 262.58 261.75 245.68 231.46 218.80
Myristic 232.10 231.46 218.80 207.45 197.22
Palmitic 207.97 207.45 197.22 187.95 179.52
Stearic 188.38 187.95 179.52 171.81 164.73
Oleic 189.66 189.23 180.68 172.88 165.71
Linoleic 190.96 190.53 181.87 173.96 166.71
Linolenic 192.28 191.84 183.06 175.05 167.71
Erucic 159.43 159.12 153.03 147.39 142.16

“Computed from SV (saponification value) = 56,106/M.W.

C1g=100%

C16 =100%

FIG. 3. Quaternary composition diagram for methyl esters of oleic,
linoleic, linolenic, and saturated FA with an inscribed plane satisfying
the condition saponification value = 200. The construction of the dia-
gram is described in the text.
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nates of a FA composition would be (C,,, C,,, C16, Clg),
which accounts for the chain lengths of most FA profiles of
vegetable oils and animal fats (some exceptions are coconut
oil, which has some shorter FA, and high erucic acid rapeseed
oil, which has significant amounts of C,,). For CIS, the
saponification value of methyl oleate is selected since oleic
acid (besides linoleic acid) is the most common C ¢ FA, and
also provides an intermediary value between the saturated and
unsaturated species. The error made by using methyl oleate
instead of the saturated compounds as done for the other
chain lengths is less than 1%.

The QCD (Fig. 3) and the values in Table 4 show that, sim-
ilar to the discussion of the IV, the SV is not suitable for de-
termining M.W. when considering different kinds of esters,
as, for example, methyl esters and TA of the same FA have
nearly identical SV and the SV of the propyl ester of the acid
with two less methylene groups in the fatty acid chain is also
identical to the SV of the methyl ester. However, when it is
known that an underivatized vegetable oil is being analyzed,
the SV (or, better, the saponification equivalent) may provide
an average M.W. The combination of IV and SV also cannot
distinguish between the TAG and the methyl ester of a given
FA. Therefore, other methods would be needed to determine
the nature of a fatty compound mixture.

FA composition can vary more widely in the mid-range of
IV or SV than at the “extreme” ends of total saturates or un-
saturates for I'V or total low M.W. or high M.W. for the SV
[TV = 115 discussed here is a mid-range IV; SV = 200 (see
Fig. 3) is a lower SV for vegetable oils].

Combination of IV and SV. The number of double bonds
in a neat fatty compound can be calculated by combining
Equations 1 and 7 and solving for db to give

56,106 X IV v
=) = 221 X — [9]
25,381 x SV SV

Accordingly, the average number of double bonds in an oil or
fat is then

v

db =2 A X221 x — [10]

mixture

This procedure is independent of M.W. but does not consider
the other factors accounted for by the APE and BAPE indices.
In any case, this combination would have appeared preferable
to the use of the IV because values more directly related to
structure and even easier to grasp are obtained.
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